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Constitutive centromere-associated network (CCAN)
proteins, particularly CENP-C, CENP-T, and the
CENP-H/-I complex, mechanically link CENP-A-con-
taining centromeric chromatin within the inner kinet-
ochore to outer kinetochore proteins, such as the
Ndc80 complex, that bind kinetochore microtubules.
Accuracy of chromosome segregation depends crit-
ically upon Aurora B phosphorylation of Ndc80/
Hec1. To determine how CCAN protein architecture
mechanically constrains intrakinetochore stretch be-
tween CENP-A and Ndc80/Hec1 for proper Ndc80/
Hec1 phosphorylation, we used super-resolution
fluorescence microscopy and selective protein
depletion. We found that at bi-oriented chromo-
somes in late prometaphase cells, CENP-T is
stretched 16 nm to the inner end of Ndc80/Hec1,
much less than expected for full-length CENP-T.
Depletion of various CCAN linker proteins induced
hyper-intrakinetochore stretch (an additional 20–
60 nm) with corresponding significant decreases
in Aurora B phosphorylation of Ndc80/Hec1. Thus,
proper intrakinetochore stretch is required for
normal kinetochore function and depends critically
on all the CCAN mechanical linkers to the Ndc80
complex.
INTRODUCTION
The core of the inner kinetochore in human cells includes CENP-
A and a group of 16 chromatin-proximal proteins termed the
constitutive centromere-associated network (CCAN). CENP-A,
a modified histone H3, is the epigenetic marker for the centro-
mere site for kinetochore assembly. CCAN proteins include
the CENP-H/I complex (CENP-H/-I/-K/-L/-M/-N), CENP-O class
protein (COMA complex (CENP-O/-P/-Q/-U(50)), CENP-R,
CENP-T/W complex (CENP-T/-W/-S/-X), and CENP-C. CENP-
A and the CCAN proteins are conserved from yeast to humans
(excluding CENP-M and CENP-R; these proteins are not identi-
fied in yeast; Biggins, 2013; Perpelescu and Fukagawa, 2011).
CENP-C and CENP-T are known to have a crucial role forDevelopmenmechanically linking centromeric chromatin within the inner
kinetochore to the kinetochore microtubule (kMT) attachment
proteins of the outer kinetochore such as the Ndc80 complex
and other protein members of the highly conserved KMN
network (Knl1, Zwint-1; Mis12, Dsn1, Nsl1, Nnf1; and Ndc80/
Hec1, Nuf2, Spc24, Spc25; Rago and Cheeseman, 2013). The
Ndc80 complex, a 57 nm long hetero-tetramer comprising a
Spc24-Spc25 dimer bound to a Ndc80/Hec1-Nuf2 dimer, is
the major kMT binding unit (Cheeseman and Desai, 2008; Ciferri
et al., 2008; Wei et al., 2007). The N-terminal end of CENP-T
binds directly to Spc24/Spc25 at the inner end of the Ndc80
complex, whereas the N-terminal end of CENP-C binds to the
Mis12 complex, which in combination with KNL1 can also bind
Spc24/Spc25 (Malvezzi et al., 2013; Nishino et al., 2013; Przew-
loka et al., 2011; Screpanti et al., 2011). TheMT binding domains
of the Ndc80 complex are at the N terminus of Ncd80/Hec1,
which is located at the outer end of the Ndc80 complex.
Because both CENP-T and CENP-C have long extendable
disordered domains (Suzuki et al., 2011), their linkage to the
KMN network is proposed to play a major role in ‘‘intrakineto-
chore stretch’’ of kinetochores of bi-oriented chromosomes pro-
duced by kMT formation. The intrakinetochore stretch that has
an important role in silencing the spindle assembly checkpoint
(SAC) has been measured by the increased separation between
the mean centroids of different colored fluorescent labels, one
on CENP-A and the other on the inner end of one of the KMN
network proteins, either the Ndc80 complex (Maresca and
Salmon, 2009) or the Mis12 complex (Uchida et al., 2009). Intra-
kinetochore stretch also may play an important role in the prom-
etaphase correction mechanism for errors in kMT attachment
that produce aneuploidy, the gain or loss of chromosomes that
can lead to birth defects during development or cancer in tissue
cells (Bakhoum et al., 2009; Silkworth and Cimini, 2012). Error
correction depends on Aurora B kinase phosphorylation of
kMT attachment proteins, especially the MT binding site of
Ndc80/Hec1 at its outer N-terminal end. Phosphorylation
weakens binding of the Ndc80 complex to MTs in vitro and
causes destabilization of kMT attachments in vivo and prevents
silencing of SAC. Conversely, dephosphorylation in prometa-
phase causes hyperstabilization of kMT attachment and
induces errors in sister chromosome segregation in anaphase
(Guimaraes et al., 2008; Liu et al., 2009; Welburn et al., 2010).
A gradient in the level of Aurora B phosphorylation is reported to
decrease with distance toward the outer kinetochore from its
source within the inner centromere (Lampson and Cheeseman,tal Cell 30, 717–730, September 29, 2014 ª2014 Elsevier Inc. 717
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of intrakinetochore stretch allowed by the CCAN protein linkers
to the Ndc80 complex may provide important positional control
of the level of Aurora B phosphorylation so that errors are desta-
bilized in prometaphase while proper attachments persist. If so,
hyper-intrakinetochore stretch should produce abnormally lower
than normal phosphorylation at the Ndc80/Hec1 MT binding
domain.
This study addresses several unresolved questions about
CCAN protein architecture important for understanding the
molecular basis of intrakinetochore stretch and its control of
outer kinetochore protein function such as phosphorylation of
the MT binding domain of Ndc80. Here, we use a two-color su-
per-resolution fluorescence microscopy method to achieve
nanometer scale measurements (variance typically 3–7 nm)
for the mean positions along the axis of kMTs for the CCAN
protein network within human kinetochores at metaphase rela-
tive to the mean positions of the protein components of the
KMN network (Varma et al., 2013; Wan et al., 2009). These
measurements revealed that the mean positions of most
CCAN proteins, except CENP-C and CENP-A, are localized
close to the periphery of centromeric chromatin and extend to-
ward the outer kinetochore. CENP-T is stretched approxi-
mately 19 nm on average between its C-terminal DNA binding
domain and its N-terminal Spc24/Spc25 binding domain. Sur-
prisingly, the majority of CENP-C is not bound to the Mis12
complex. Intrakinetochore stretch was constant independent
of 2-fold changes in the stretch of the centromere between
sister kinetochores indicating that above a low tension, intraki-
netochore stretch is constrained. We used protein depletion
assays and nanometer scale distance measurements to deter-
mine for bi-oriented chromosomes in late prometaphase
whether the three major CCAN linkers CENP-T, CENP-H/I,
and CENP-C constrain intrakinetochore stretch between the
mean positions of CENP-A and the MT binding site on the
Ndc80/Hec1. We used antibodies to Aurora B phosphorylation
sites within the MT binding domain of the Ndc80/Hec1 to test
if hyper-intrakinetochore stretch changes Ndc80/Hec1 phos-
phorylation. We find that all three linkers are required to pre-
vent late prometaphase hyper-intrakinetochore stretch that
correlates with a significant reduction in the Aurora B phos-
phorylation of the Ndc80 complex, a reduction known to pro-
duce unequal segregation of the genome (DeLuca et al.,
2006).
RESULTS
CCAN Protein Architecture at Metaphase HeLa
Kinetochores
We used the Delta method (Varma et al., 2013; Wan et al., 2009)
to measure mean separation along the kMT axis at nanometer
scale accuracy between the centroids of different colored pairs
of fluorescent labels (see Experimental Procedures) for cells
fixed in paraformaldehyde and labeled with site specific anti-
bodies. We have shown previously that our fixation and anti-
body-labeling procedures yield the same Delta values as
obtained from live cell measurements of red and green pairs of
fluorescent protein markers for kinetochore proteins (Varma
et al., 2013).718 Developmental Cell 30, 717–730, September 29, 2014 ª2014 ElsFigure 1 shows a nanometer scale map of protein position
calculated from Delta measurements between the protein epi-
topes indicated and the Ndc80/Hec1 (9G3 antibody), the kMT
binding end of the Ndc80 complex. The mean Delta values for
the CCAN protein labels had a standard deviation of 5–8 nm
for an average of >100 measured sister-kinetochore pairs (Table
S1 and Figures S1 and S2 available online). In the large map in
Figure 1, we have set the position of the N terminus of CENP-I
to 0 nm along the kMT axis as an indication of the peripheral sur-
face of the centromere. This makes label positions toward the
outer kinetochore positive and toward the inner kinetochore
negative. Note, the mean position of the plus-ends of kMTs is
not known precisely, but it is close to the N terminus of CENP-I
in cold treated metaphase PtK1 cells that lack any centromere
tension (Wan et al., 2009) and inside of the outer plate of
HeLa cells, which is the mean location of immunogold-labeled
Hec1(9G3) (DeLuca et al., 2005). Also, there are three known
reasons why the end-to-end length from Ndc80/Hec1(9G3) to
Spc24 measured in Figure 1 and previous studies (Wan et al.,
2009; Varma et al., 2013) is 40 to 45 nm along the kMT
axis instead of the 57 nm full length of the Ndc80 complex
(Wei et al., 2005). First, the measured length between 9G3-
Spc24 does not include globular domains of both Ndc80-Nuf2,
which are about 3 nm long. Second, Ndc80/Hec1 complex
has a loop domain in the middle of its a-helical coiled coil
domain that allows bending of the Ndc80 complex (Wang
et al., 2008). Finally, the Ndc80 complex projects at an angle
from the MT wall, based on electron microscopy images of
Ndc80/Nuf2 bound to MTs in vitro (Ciferri et al., 2008; Wang
et al., 2008).
To test the accuracy of the map in Figure 1, we measured
separations directly between CENP-A (using a CENP-A anti-
body) or Hec1(9G3) and key centromeric DNA binding proteins
(CENP-N, CENP-T, and CENP-C; Figures 2A and S2). The mean
separation distances measured in Figure 2A are almost identical
(within 1–2 nm in most cases) to those obtained from the map in
Figure 1.
CENP-H/I Essential Components
The CENP-H/I complex is essential for chromosome segrega-
tion and has a crucial role for CENP-A incorporation and inner
kinetochore conformation (Cheeseman et al., 2008; Foltz et al.,
2006; Okada et al., 2006). CENP-H/-I/-K/-L/-M/-N are tightly
bound to each other (Okada et al., 2006). The mean position
of CENP-N, a CENP-A chromatin binding protein, was near
the zero position of the N terminus of CENP-I, approximately
23 nm outside of the mean position of CENP-A within the
centromere (Figures 1 and S2B). Unexpectedly, we found
that the mean position of the C terminus of CENP-I localized
18 nm outside the N terminus of CENP-I and close to
Spc24 at the inner end of the Ndc80 complex. The C terminus,
N terminus, and middle of CENP-H were found to localize
within the extended CENP-I protein (Figures 1 and S1B). The
average positions of both N terminus and C terminus of
CENP-M localized slightly inward (around 3–4 nm) from zero
(Figures 1 and S1C). The N terminus and C terminus of
CENP-K localized 5 and 3 nm inside of zero whereas the mid-
dle of CENP-K localized outward (toward the pole) less than
5 nm (Figures 1 and S1D). CENP-L localized slightly inwardevier Inc.
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Figure 1. Nanometer-Scale Map of CCAN
Protein Positions along the Sister Kinet-
ochore Axis Relative to the KMN Network
proteins in Human Kinetochores at
Metaphase
The map was constructed from Delta measure-
ments relative to Ndc80/Hec1(9G3) (Table S1 and
Figures S1 and S2). Scale on the far left is set equal
to zero at the position of the N terminus of CENP-I
centroid. Positive values are outward (toward the
spindle microtubules), whereas negative values
are inward (toward the centromere interior).
Colored boxes indicate kinetochore proteins.
Black dots indicate the mean Delta values that
have been corrected for kinetochore tilt (Wan
et al., 2009). The SDwas typically 3–7 nm and, nR
100 kinetochores averaged (Table S1). *Mean
values obtained from Wan et al. (2009) and Varma
et al. (2013).
Developmental Cell
CCAN Protein Architecture in Human Kinetochoresfrom CENP-M and CENP-N and overlapped with CENP-K (Fig-
ures 1 and S1E). These data indicate that the CENP-H/-I com-
plex appears bound to the periphery of CENP-A chromatin and
extends outward, with CENP-I extending beyond the outer end
of the Mis12 complex and overlapping the inner ends of the
Ndc80 and Knl1 complexes.
CENP-O Class Proteins: COMA Complex
CENP-O class proteins were first identified as the COMA com-
plex (Ctf19, Okp1, Mcm21, and Ame1) in Saccharomyces cere-
visiae, where they have an essential function for kinetochore
assembly and cell viability (De Wulf et al., 2003). The vertebrate
CENP-O class proteins (CENP-O/-P/-Q/-U(50)/-R) are part of
the CENP-H/-I subcomplex but they are not essential for cell
viability. Depletion of CENP-O class proteins does not affect
any other CCAN kinetochore localizations including the CENP-
H/I essential components (Hori et al., 2008). However, CENP-O
class proteins have an important role for faithful chromosomeDevelopmental Cell 30, 717–730, Sesegregation (Hori et al., 2008; Toso
et al., 2009). CENP-U/50 localized
10 nm outward from the zero position
(Figures 1 and S1H). CENP-O, -P, -Q,
and -R overlapped with each other and
localized slightly inward compared to
zero (Figures 1 and S1I–S1L).
CENP-T Complex
CENP-T is one of the key inner kineto-
chore components that recruit the KMN
network proteins (Gascoigne et al., 2011;
Hori et al., 2013; Malvezzi et al., 2013).
The C-terminal end of CENP-T, which
makes a heterotetramer with CENP-
W/-S/-X using a histone fold-like struc-
ture, is essential for centromeric DNA
binding (Amano et al., 2009; Nishino
et al., 2012). ThemeanpositionofCENP-T
C terminus was 6 nm inward from the
zero position, indicating that C-terminalend of CENP-T predominantly binds CENP-A-containing chro-
matin at the periphery of the centromere (Figures 1, 2A, andS2C).
The N-terminal end of CENP-T (Figure 2B) is reported to
directly wrap around the Spc24/25 globular domain of the
Ndc80 complex that faces the centromere, and CENP-T is a ma-
jor contributor to kinetochore localization of the Ndc80 complex
(Malvezzi et al., 2013; Nishino et al., 2013). We found the mean
position of the N terminus of CENP-T localized to the exact
same position as Spc24 (Figures 1, 2A, and S2C) as predicted
by CENP-T-Spc24/25 binding data in vitro (Malvezzi et al.,
2013; Nishino et al., 2013). We also measured the mean separa-
tion of the N terminus and C terminus of CENP-T relative to
CENP-A mean position (Figures 2A and S2C) and these values
gave the same results as measurements relative to Ndc80/
Hec1(9G3). The mean position of antibodies to the middle of
CENP-T localized between the N terminus and C terminus of
CENP-T indicating the major axis of CENP-T is extended parallel
to the kMT axis at metaphase (Figures 1, 2A, and S1F). Theptember 29, 2014 ª2014 Elsevier Inc. 719
AB
C
Figure 2. Nanometer Separations
Measured between Mean Centroid Posi-
tions of Key CCAN Proteins in the Linkage
between CENP-A Chromatin and the
Ndc80 Complex at Metaphase
(A) Summary of separation measurements be-
tween the DNA binding domains of CENP-T,
CENP-C, and CENP-N, within human kineto-
chores at metaphase relative to fluorescent labels
on CENP-A and the Ndc80/Hec1 complex ob-
tained from Delta analysis in Figure S2. Included
are mean positions of the two ends of CT 107,
which lacks the N-terminal end of CENP-T that
binds Spc24/25, as well as the positions of the two
ends of normal CENP-T. Note that the mean po-
sition of the N terminus of CT107 is close to the
DNA binding C-terminal end of CENP-T and not
close to Spc24/Spc25.
(B) Schematic representation of human CENP-T.
The N-terminal region (1–106 for CENP-T) binds
to Spc24/25 globular domain. The C-terminal re-
gion (455–561) is a histone fold domain for DNA
binding.
(C) Two-color immunofluorescence (left) and Delta
analysis (right) for GFP-CENP-T (upper) and GFP-
CT107 (lower) expressed inCENP-Tdepletedcells.
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amino acids [aa]), which lacks the Spc24/25 binding site (1–
106 aa), did not extend toward the outer kinetochore (Figures
2A–2C). Thus, binding of the N-terminal end of CENP-T to
Spc24/25 (Nishino et al., 2013) is essential for CENP-T extension
from the inner kinetochore into the outer kinetochore.
CENP-C
CENP-Calso has a critical role in recruiting theKMNnetwork pro-
teins (Przewloka et al., 2011; Screpanti et al., 2011). CENP-C has
multiple DNA binding sites (Carroll et al., 2010; Kato et al., 2013;
Tomkiel et al., 1994; Yang et al., 1996)within theC-terminal half of
the protein. To confirm centromere-targeting domains of CENP-
C, we examined localization of three CENP-C truncatedmutants,
CC426 (426–943 aa), CC690 (690–943 aa), and CC759 (759–943
aa) (Figure S3A). Both CC426 and CC690 clearly localized to the720 Developmental Cell 30, 717–730, September 29, 2014 ª2014 Elsevier Inc.kinetochore throughout the cell cycle, but
only a minor population of CC759 local-
ized to the kinetochore (Figures S3B and
S3C).
The mean position of DNA binding
domain of CENP-C (CC426) relative to
CENP-I N terminus (zero position, Fig-
ure 1) increased with protein expression
level of CENP-C (Figure S3D). As a result,
for our Figures 1 and 2A measurements,
we used stable cell lines expressing at
approximate wild-type levels CENP-C
with GFP fused to either the C or N
terminus and resistant to RNAi of the
endogenous CENP-C. We confirmed
that GFP-CENP-C rescued the abnormal
phenotype produced by depletion ofendogenous CENP-C (see Experimental Procedures). For these
cells, the mean position of the C terminus of CENP-C was local-
ized 12 nm inward from the zero position (Figures 1, 2A, and
S2D), well within the depth of the CENP-A chromatin that ex-
tends inward and has a mean position 23 nm from the periphery
of the centromere (Figures 1 and 2A). The N-terminal end of
CENP-C is known to play a major role in recruiting the Mis12
complex to the kinetochore (Przewloka et al., 2011; Screpanti
et al., 2011). Interestingly, the mean position of the N terminus
of GFP-CENP-C localized 16 nm inward from the centromere
surface into the CENP-A chromatin (Figures 1 and 2A). This
mean position for the N terminus of CENP-C was also measured
in previous live-cell imaging studies in HeLa cells and Ptk1 cells
(Dumont et al., 2012; Varma et al., 2013). These results indicate
that only a small minority of the CENP-CN terminus bindsMis12,
whereas the majority remains within the CENP-A chromatin.
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the Primary MT Binding Domain of Ndc80/Hec1 Is Not
Sensitive to Interkinetochore Centromere Stretch
at Metaphase
Intrakinetochore stretch at metaphase is thought to be important
for silencing SAC activity, stabilizing kMT attachment, and faith-
ful chromosome segregation (Maresca and Salmon, 2010). The
long disordered regions at the N-terminal regions of CENP-C
and CENP-T are likely very floppy when not under tension (Mar-
esca and Salmon, 2009; Suzuki et al., 2011). In our study, none of
the protein separations for control bi-oriented chromosomes at
late prometaphase, when the majority of chromosomes are bi-
oriented at equator and few chromosomes are not bi-oriented,
or metaphase exhibited a large positive slope in plots of Delta
verses inter-kinetochore distance (K-K; Figures 3A, S1, and
S2). For example, at late prometaphase, Delta measurements
for endogenous CENP-A to Hec1(9G3) had a slope of 0.6 nm/
um of centromere stretch that occurs during metaphase chro-
mosome oscillations between the poles (Figure 3A). These
data showed for bi-oriented chromosomes that both the mean
deformation of CENP-A-containing chromatin and the CCAN
protein linkage between the inner and outer kinetochore is con-
stant and insensitive to the changes in tension from the interkine-
tochore stretch.
In our initial study (Wan et al., 2009), we found that the mean
position of GFP-CENP-A was 20 nm inside of the mean position
measured here for endogenous CENP-A and showed significant
oscillation-dependent intrakinetochore stretch (30 nm/um). We
found that GFP-CENP-A was overincorporated into kineto-
chores 4-fold compared to endogenous CENP-A (Figure S4A).
This comparison suggests that the chromatin occupied by most
of GFP-CENP-A is much more compliant than the chromatin
occupied by endogenous CENP-A and CCAN proteins within
the inner kinetochore.
Hyper-Intrakinetochore Stretch Occurs for Selective
Depletion of CENP-T, CENP-H/-I Subcomplex, or CENP-
C for Bi-Oriented Chromosomes in Late Prometaphase
A previous study has shown CENP-T protein can potentially
extend up to 90 nm in vitro as assayed with atomic force micro-
scopy (Suzuki et al., 2011). For unattached kinetochores, the
end-to-end axial length of CENP-T is near zero (Suzuki et al.,
2011). However, here we show that on average CENP-T is
extended for bi-oriented chromosomes by only19 nm at meta-
phase and 16 nm at late prometaphase along the kMT axis
from its C-terminal DNA binding domain to its N-terminal
Spc24/Spc25 binding domain (Figures 1 and 2A). Also, this link-
age is stiff to tension generated by oscillations in K-K centromere
stretch (Figures S1F and S2C). These data suggest that the
kinetochore normally has a mechanism to inhibit hyper-intraki-
netochore stretch at metaphase.
To test the above hypothesis, we measured changes in the
mean separation of CENP-A and Hec1(9G3) for bi-oriented
chromosomes at the spindle equator in late prometaphase,
for cells selectively depleted of CENP-Q, CENP-C, CENP-T,
CENP-H/-I, or CENP-C and CENP-H/-I complex proteins by
RNAi. Every CCAN RNAi in this study exhibited more than
95% loss of target proteins on metaphase kinetochores (Fig-
ure S4B). In addition, we analyzed Ndc80, CENP-T, CENP-H,Developmenand CENP-C intensities in each RNAi-treated cell (Figure S4B).
CENP-T, CENP-C, CENP-H, and CENP-H/-C RNAi induced
prometaphase arrest (data not shown). The results agree with
previous reports (Gascoigne et al., 2011; Hori et al., 2008; Okada
et al., 2006).
Compared to control, depletion of CENP-Q did not affect intra-
kinetochore stretch (Figures 3A–3C). Depletion of CENP-C,
CENP-T, CENP-H (removes whole CENP-H/-I complex, Fig-
ure S4B) or CENP-H plus CENP-C RNAi produced an increase
in the separation of CENP-A to Hec1(9G3) of 20%, 50%,
40%, and 80%, respectively (Figures 3A–3D).
To test if changes in the mean length of the Ndc80 complex
along the kMT axis contributed to increased CENP-A to
Hec1(9G3) separation, we measured the distance between
Spc24 and Hec1(9G3) for each condition (Figure 3B). There
was no difference in the mean Spc24 to Hec1(9G3) separation
between control cells and the various CCAN protein-depleted
cells (Figures 3D, S4C, and S4D). Therefore, changes in intraki-
netochore stretch in late prometaphase and metaphase are pro-
duced by changes in the mean separation between CENP-A and
the Spc24/Spc25 end of the Ndc80 complex.
We obtained the amount of CCAN-dependent stretch in our
protein depletion assay (Figure 3D) by subtracting themean axial
length of the Ndc80 complex from the measured mean separa-
tions of CENP-A and Hec1(9G3) (Figure 3C). There was no
difference in the mean separation of CENP-A and Spc24 be-
tween the control and CENP-Q-depleted cells, which retained
the CENP-T complex, CENP-C, and CENP-H/I complex (Fig-
ure 3D). Depleting the CENP-H/-I complex, which leaves both
CENP-T and CENP-C at kinetochores, caused a 2-fold CCAN-
dependent stretch (from 30 to 60 nm; Figure 3D). For CENP-
T depleted cells, which still retained CENP-C but not the
CENP-H/-I complex, the CCAN-dependent stretch increased
further (from 30 to 75 nm; Figure 3D). The CCAN-dependent
stretch in CENP-C plus CENP-H doubly depleted cells, in which
CENP-T still exists, was the largest (from 30 to 90 nm; Fig-
ure 3D). These results suggest that CENP-T or CENP-C can
extend much more than in normal metaphase cells, but that
the whole CCAN proteins, including the CENP-H/-I complex,
prevent hyperstretching of either CENP-T or CENP-C.
To determine the relative contributions of CENP-A chromatin
stretch and CENP-T stretch to hyper-intrakinetochore stretch,
we obtained measurements of the mean position of both ends
of CENP-T relative to CENP-A and the Ndc80 complex (Figures
4A–4D). Depletion of CENP-C or CENP-C/-H increased the
length of CENP-T in late prometaphase from the control value
of 16 nm to 23 nm or to 41 nm, respectively, whereas the
separation distance between the mean positions of CENP-A
and the C terminus of CENP-T increased from the control value
of 15 nm to 27 nm and to 53 nm, respectively (Figures 4A–
4D). These results indicate that depletion of CENP-C or CENP-
C/-H not only causes increased intrakinetochore stretch of
CENP-T, but also equally affects the structure and compliance
of CENP-A chromatin.
CCAN Proteins Contribute to CENP-A Chromatin
Compliance and Compaction
In CENP-Q-, CENP-T-, CENP-C-, and CENP-C/-H-depleted
cells, the slope of the Delta verses K-K distance for CENP-A total Cell 30, 717–730, September 29, 2014 ª2014 Elsevier Inc. 721
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CCAN Protein Architecture in Human Kinetochores9G3 increase from near zero for controls to 6, 11, 25, and 32 nm
per um change in interkinetochore centromere distance, respec-
tively (Figure 3A). The axial length of the Ndc80 complex exhibits
small values for the slope, indicating that it remains constant
(Figures S4C and S4D). These data indicate that CENP-C has
a major role and CENP-T has a minor role in controlling the
compliance of the linkage between the centroid of CENP-A
and the Spc24/Spc25 end of the Ndc80 complex.
We also found that CCAN proteins contribute to the compac-
tion of CENP-A-containing chromatin for bi-oriented chromo-
somes. In control and CENP-Q-depleted late prometaphase
cells, most fluorescent kinetochore spots both for CENP-A
and Ndc80(9G3) were elliptical with the long axis perpendicular
to the kMT axis (Figures 5A and 5G; see Figure S5 for criteria).
In CENP-H-, CENP-T-, CENP-C-, or CENP-C/CENP-H-
depleted cells in late prometaphase, all Ndc80/Hec1(9G3)
and 80% of CENP-A fluorescent kinetochore spots of bi-ori-
ented chromosomes had the shape of controls, but the CENP-
A and Ndc80 spots were much more separate from each other
(Figures 5C–5F, left, and 5G). These images were used to
obtain the Delta measurements in Figures 3, 4, and S4. Approx-
imately 20% of kinetochores exhibited CENP-A kinetochore
fluorescence elongated 3-fold over normal in the K-K axis di-
rection and it was not possible to obtain accurate measure-
ments of the centroid of CENP-A chromatin for these kineto-
chores with our Gaussian 3D fitting methods (Wan et al.,
2009; Figures 5C–5F, right, and 5G). This CENP-A chromatin
‘‘de-compaction’’ appears tension sensitive because it did
not occur for unattached kinetochores of unaligned chromo-
somes in the various CCAN-depleted cells. It was very rare
that both sister kinetochores exhibited this de-compaction
and the data in Figure 5G are typical of all cells. To test the hy-
pothesis that CCAN DNA binding proteins, such as CENP-T/W/
S/X, CENP-C, and CENP-N regulate CENP-A compaction dur-
ing chromosome segregation, we examined the function of
CENP-T or CENP-C DNA binding regions (Figure 5H). Expres-
sion of CENP-T and CENP-C DNA binding regions, such as
CT107, CC426, and CC690, prevented, by an unknown mech-
anism, the de-compaction of CENP-A chromatin resulting from
either CENP-T or CENP-C depletion (Figure 5I). Overexpression
of the DNA binding domains of CENP-C was not healthy for the
cells as it promoted abnormal chromosome segregation (mini
chromosomes) and apoptosis (Figures S3E and S3F). Never-
theless, taken together these results show that CENP-T,
CENP-C, and CENP-H/I complex have a critical role for the
compaction of CENP-A-containing chromatin in bi-oriented
chromosomes.Figure 3. CENP-T, CENP-C, and CENP-H/I Complex Are Needed to L
Prometaphase
(A) Immunofluorescence of both CENP-A and Ndc80/Hec1 (9G3) at kinetochores
cells or CENP-H RNAi cells or CENP-C/CENP-H RNAi cells (upper). Distribution o
(B) Diagram showing that total intrakinetochore distance between CENP-A and Nd
of the Ndc80 complex (Spc24/Spc25) and the end-to-end length of the Ndc80 c
(C) Intrakinetochore distance between CENP-A and Ndc80/Hec1(9G3) for control
value for controls.
(D) Intrakinetochore stretch of CCAN domain (CENP-A and Spc24) contributes
remains constant (separation between Spc24 to Ndc80/Hec1 (9G3)) in experimen
are corrected chromatic aberration.
DevelopmenHyper-Intrakinetochore Stretch Is Correlated with a
Reduction in the Level of Phosphorylation of the
Ndc80/Hec1 N Terminus
To test if hyper-intrakinetochore stretch reduces the level of
Aurora B phosphorylation of Ndc80/Hec1 in late prometaphase,
we used two antibodies that have been previously shown to spe-
cifically recognize Aurora B phosphorylation epitopes at the
N-terminal end of Ndc80/Hec1: S44-P and S55-P (DeLuca
et al., 2011; Figures 6A–6D). Phosphorylation of these epitopes
has an important role in controlling destabilization of kMT attach-
ment in prometaphase (DeLuca et al., 2011). We measured inte-
grated fluorescence intensities at kinetochores of bi-oriented
chromosomes labeled with these antibodies in control, CENP-
C-, or CENP-T-depleted cells and normalized by the value for
Ndc80/Hec1(9G3) at the same kinetochore (Figures 6B and
6D). This normalization was required because both CENP-C
and CENP-T RNAi induced reduction of Ndc80/Hec1 at kineto-
chores to 47% and 36% of the control level (Figures 3D and
S4B). The phosphorylation of Ndc80/Hec1 decreased substan-
tially with the extent of hyper-intrakinetochore stretch for kineto-
chores of bi-oriented chromosomes in late prometaphase: 20%
and 65% reductions occurred compared to control cells for the
15 nm and 45 nm hyperstretch produced by CENP-C and
CENP-T RNAi (Figure 6E). In contrast, the phosphorylation per
Ndc80 complex at kinetochores of unaligned chromosomes
(no hyperkinetochore stretch) was somewhat higher than con-
trols with depletion of CENP-T or CENP-C (Figure 6F). As a con-
trol, we measured fluorescence for kinetochores labeled with an
antibody specific for an Aurora B phosphorylated epitope on
Knl1 (Welburn et al., 2010). There was a drop in the level of phos-
phorylation with intrakinetochore stretch for CENP-C and CENP-
T depleted cells as occurs for S44-P and S55-P of Hec1(Ndc80)
(Figures S6A and S6B), but the decrease was not as large
perhaps because Knl1 is located more than 25 nm inward from
Hec1(9G3) (Wan et al., 2009). These results indicate that the level
of Aurora B phosphorylation for the N-terminal end of Ndc80/
Hec1 decreases rapidly for distances greater than the normal
amount of intrakinetochore stretch of Ndc80/Hec1(9G3) away
from CENP-A.
To test if the reduction of Ndc80/Hec1 phosphorylation
that accompanies hyper-intrakinetochore stretch of bi-oriented
chromosomes in late prometaphase induces stable kMT
attachment, we measured kMT intensities in cold-treated
CENP-T or CENP-C/-H depleted cells (Figure S6C). In CENP-
C or CENP-T depleted cells, the intensity of kMT fluorescence
normalized by the level of Ndc80/Hec1 was slightly greater
than for kinetochores in control cells (Figure S6D; p = 0.057,imit Intrakinetochore Stretch of Bi-Oriented Chromosomes in Late
in control cells or CENP-Q RNAi cells or CENP-C RNAi cells or CENP-T RNAi
f Delta mean separation between CENP-A and Hec1 (9G3) in each cell (lower).
c80/Hec1 (9G3) is the sum of the separation between CENP-A to the inner end
omplex.
and experimental cells from mean Delta values in Figure 3A) normalized by the
to intrakinetochore stretch but the end-to-end length of the Ndc80 complex
tal cells compared to controls. Error bars represent SD. All images in Figure 3
tal Cell 30, 717–730, September 29, 2014 ª2014 Elsevier Inc. 723
A B
C
D
Figure 4. Both CENP-A Chromatin Stretch and CENP-T Stretch Contribute to Intrakinetochore Stretch
(A–C) Kinetochore immunofluorescence of both GFP and Ndc80/Hec1(9G3) or GFP and CENP-A in GFP-CENP-T or CENP-T-GFP stably expressed cell (A)
treated with CENP-C RNAi (B) or CENP-C/-H RNAi (C). Corresponding Delta analysis (right).
(D) Summary of mean separation measurements between CENP-A and C terminus of CENP-T and the C terminus of CENP-T to Spc24/Spc25 for changes in in-
trakinetochore stretchbetweennormal lateprometaphaseandmetaphase,and for changes in lateprometaphase inducedbydepletionofCENP-CandCENP-C/-H.
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CCAN Protein Architecture in Human Kinetochoresp < 0.01 [t test], respectively). We also examined the level of
Mad1 at kinetochores because Mad1 depletes with kMT
attachment (Musacchio and Salmon, 2007). Mad1 at kineto-
chores of bi-oriented chromosomes in late prometaphase cells
decreased as a function of hyper-intrakinetochore stretch as
expected for enhanced stabilization of kMT attachment by
lower levels of phosphorylation of Ndc80/Hec1 N terminus (Fig-
ure S6E). We conclude that intrakinetochore stretch must be
constrained to the normal amount for bi-oriented kinetochores
in late prometaphase to prevent loss of the Aurora B phosphor-
ylation needed to destabilize kMT attachment for error correc-
tion in prometaphase (DeLuca et al., 2006, 2011; Foley et al.,
2011).
A Major Drop in Phosphorylation of the Ndc80/Hec1
Complex by Aurora B at Metaphase Is Not Predicted
by Intrakinetochore Stretch
There is a major increase (>2-fold) in the stability of kMT attach-
ment to kinetochores of bi-oriented chromosomes between
prometaphase and metaphase (Kabeche and Compton, 2013).
There is a corresponding substantial decrease in the level of
Aurora B phosphorylation for the N terminus of Ndc80/Hec1 at
kinetochores of bi-oriented chromosomes (Figure 6E; DeLuca
et al., 2011). The 10 nm increase in intrakinetochore stretch
from late prometaphase to metaphase does not appear to play
a major role in either of these changes (Figure 6E).
DISCUSSION
In Figure 7, we summarize how CCAN proteins organize the
mechanical linkage between CENP-A-containing chromatin
and KMN network proteins within human kinetochores of bio-
riented chromosomes in late prometaphase and metaphase
(Figure 7, top) and in late prometaphase following depletion of
CENP-C, CENP-T, or CENP-C/H (Figure 7, bottom). We found
that most CCANs, except CENP-A and CENP-C, are localized
close to the periphery of centromeric chromatin. The great ma-
jority of CENP-T extends from its C-terminal chromatin-binding
domain to overlap at its N-terminal end with Spc24/Spc25, and
the great majority of CENP-I also extends into the outer kineto-
chore, similar to the extension of CENP-T (Figures 1 and 2A).
In contrast, the mean positions of both ends of CENP-C are
slightly deeper than the other DNA binding CCAN proteins
except for CENP-A (Figures 1 and 2A). The N-terminal end of
CENP-C is known to play a major role in recruiting Mis12 com-
plex to the kinetochore and known to bind Mis12 complex
in vitro (Przewloka et al., 2011; Screpanti et al., 2011). Our mea-
surements support amodel where only aminor fraction of CENP-
C actually interconnects the inner kinetochore with Mis12 com-
plex, a result predicted by a previous study (Ribeiro et al., 2010).
Our data indicate that the intrakinetochore stretch of CENP-T
inmetaphase HeLa cells is constrained to be19 nmon average
compared to a potential stretch of 90 nm. A length of 19 nm in
metaphase is similar to that measured for chicken DT40 cells
(Suzuki et al., 2011). The amount of tension per CENP-T may
be one of the constraint factors since the end-to-end separation
for CENP-T in metaphase DT40 cells without centromere tension
is near zero (Suzuki et al., 2011) and the mean position of the
N-terminal of CENP-T is near the C terminus when the Spc24/DevelopmenSpc25 binding domain is deleted (Figures 2A–2C). The long
stretch of unstructured amino acids within CENP-T that extends
to near the N terminus could act as an entropic spring (Gardner
et al., 2013), the stiffness of which limits stretch to19 nm at the
metaphase tension supported by each CENP-T molecule.
CENP-C also has an extended region of unstructured amino
acids near its N terminus, which could also act as an entropic
spring connected to Mis12. This spring would act in parallel
with the CENP-T spring, reducing the force on both CENP-T
and CENP-C from centromeric tension dependent on their rela-
tive stiffness and numbers. In support of this model, we found
that deleting CENP-C, CENP-T, or CENP-C/-H caused an in-
crease in intrakinetochore stretch between the mean positions
of CENP-A and Spc24/Spc25 (Figure 3D) as expected for fewer
springs supporting the same force from centromere stretch be-
tween sister kinetochores. However, we found for controls that
normal intrakinetochore stretch is not sensitive to changes in
centromere tension that are produced by oscillations of bi-ori-
ented chromosomes back-and-forth across the spindle equator
(Figure 3A). In contrast, the hyper-intrakinetochore stretch that
occurs with depletion of CENP-C, CENP-T, or CENP-C/-H is
sensitive to changes in centromere tension. This suggests that
depletion of CENP-T, CENP-C, or CENP-H releases crosslinking
within the kinetochore that constrains intrakinetochore stretch
to a level produced by low centromere tension and prevents
further intrakinetochore stretch in response to higher levels of
tension produced by further centromere stretch between sister
kinetochores.
We also analyzed the relative contributions of Ndc80 complex,
CENP-A chromatin stretch, and CENP-T stretch to intrakineto-
chore stretch in late prometaphase cells (Figures 4A–4D). The
mean end-to-end length of Ndc80 complex remained constant,
whereas increases in intrakinetochore stretch were contributed
by increases in the mean separation of CENP-A to the Spc24/
Spc25 end of the Ndc80 complex. It is still unclear why both
CENP-A chromatin and CENP-T are slightly more stretched in
metaphase, compared to late prometaphase, but cell cycle
changes in chromatin structure and a slight increase the number
of kMTs in metaphase could contribute. Surprisingly, CENP-A
chromatin stretch contributed about equally with CENP-T
stretch to increased intrakinetochore stretch for the small
change between normal prometaphase and metaphase and for
the much larger changes induced by depletion of CENP-C,
CENP-T, or CENP-H.
Our data indicate that CCANproteins contribute not only to the
mechanical linkage between their CENP-A-chromatin binding
sites and the KMN network, but they also have other binding do-
mains that contribute to the compliance and compaction of
CENP-A-containing chromatin within the inner kinetochore (Fig-
ures 5A–5I), which supports a previous observation (Ribeiro
et al., 2010). CENP-C has multiple DNA binding domains (Fig-
ure S3) and forms a homo-dimer, which indicates that CENP-C
has multiple mechanisms for chromatin cross-linking (Kato
et al., 2013). The DNA binding domain of CENP-T also binds
CENP-W/-S/-X, which also has chromatin binding ability (Nish-
ino et al., 2012), making chromatin cross-linking a possibility.
Note that the potential chromatin cross-linking ability of CENP-
C or CENP-T do not depend on either the Spc24/Spc25 binding
domain of CENP-T or on the Mis12 binding domain of CENP-C.tal Cell 30, 717–730, September 29, 2014 ª2014 Elsevier Inc. 725
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Figure 6. Hyper-Intrakinetochore Stretch
Reduces the Level of Phosphorylation of
the Ndc80/Hec1 N Terminus
(A) Two-color immunofluorescence for Ndc80/
Hec1(9G3) and Ser44-P at kinetochores in control
or CENP-T depleted cells.
(B) Integrated fluorescence intensity of Ser44-P at
kinetochores normalized by the value for Ndc80/
Hec1(9G3) on bi-oriented kinetochores in control
or CENP-T depleted cells.
(C) Two-color immunofluorescence for Ndc80/
Hec1(9G3) and Ser55-P at kinetochores in CENP-
C depleted or CENP-T depleted cells.
(D) Integrated fluorescence intensity of Ser55-P
at kinetochores normalized by the value for
Ndc80/Hec1(9G3) on bi-oriented kinetochores
in control, CENP-C depleted, and CENP-T
depleted cells.
(E) Data from (B) and (D) plotted as a function of
the separation between CENP-A to Ndc80/Hec1.
(F) Integrated fluorescence intensity of Ser55-P at
kinetochores normalized by the value for Ndc80/
Hec1(9G3) on unaligned kinetochores in control,
CENP-C depleted, and CENP-T depleted cells.
The enhanced Hec1(9G3) images are added to
mark kinetochore positions in (A) and (B). Error
bars represent SD.
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CCAN Protein Architecture in Human KinetochoresAnother unexpected finding is that the CENP-H/-I complex
also makes a major contribution to limiting intrakinetochore
stretch. Depletion of the CENP-H/-I complex doubled the
mean separation of CENP-A to Spc24/Spc24 (Figure 3D) while
maintaining the control stiffness of the linkage (Figure 3A).
Depleting both CENP-H/-I and CENP-C caused the largest intra-
kinetochore stretch, whereas depleting CENP-C alone produced
a moderate increase in intrakinetochore stretch. In addition, we
found that CENP-I extended from the inner kinetochore to over-
lap with the Spc24/Spc25 end of the Ndc80 complex, the Mis12
complex and the C terminus of Knl1. We conclude from these
data that the CENP-H/-I complex also makes a major contribu-
tion in constraining intrakinetochore stretch of CENP-T andFigure 5. CCAN Regulates Compaction of CENP-A Containing Chromatin during Mitosis
(A–F) Two-color immunofluorescence of kinetochore CENP-A and Ndc80/Hec1(9G3) in control cells (top)
(middle), and line scan (bottom) for (A) Control; (B) CENP-Q depleted cells; (C) CENP-C depleted cells; (D) CEN
(F) CENP-C/CENP-H depleted cells.
(G) The percentage of punctate spot or stretched spot of CENP-A and Ndc80/Hec1(9G3) immunofluorescen
(H) Two-color immunofluorescence of CENP-A and GFP in control cells, CENP-C depleted cells, CENP-C d
690, and CENP-T depleted cells expressing GFP-CC-426 or GFP-CT-107.
(I) The relative frequency of CENP-A containing chromatin expansion for cells in (H). Error bars represent SD
Developmental Cell 30, 717–730, SeCENP-C and predict that the C-terminal
end of CENP-I makes a major contribu-
tion in recruiting Ndc80 complex to kinet-
ochores, perhaps through recruiting the
whole KMN network.
Our data also show that the CCAN
protein linkage between the inner and
outer kinetochores is capable of resisting
spindle forces at kinetochores and pro-
ducing intrakinetochore stretch large
enough upon kMT attachment to controlsilencing of the spindle checkpoint (Maresca and Salmon,
2009, 2010; Uchida et al., 2009), but also small enough so
that the level of Ndc80/Hec1 phosphorylation is sufficiently
high to allow frequent enough release of kMTs to correct errors
in attachment in prometaphase. We show here that kineto-
chores exhibiting hyper-intrakinetochore stretch in late prome-
taphase also exhibit substantially reduced levels of Ndc80/
Hec1 phosphorylation (Figures 6A–6E). Low levels of Ndc80/
Hec1 phosphorylation in prometaphase have been shown to
significantly enhance errors in anaphase chromosome segrega-
tion (Cimini et al., 2006; DeLuca et al., 2006, 2011). Low levels
of Ndc80/Hec1 phosphorylation stabilize Ndc80 complex bind-
ing to MTs (Cheeseman and Desai, 2008; Wei et al., 2007). Thiswith high magnification image of indicated region
P-T depleted cells; (E) CENP-H depleted cells; and
ce in control and experimental cells in (A)–(F).
epleted cells expressing GFP-CC-426 or GFP-CC-
.
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Figure 7. A Model for Inner Kinetochore
Protein Architecture
A model for inner kinetochore protein architecture
and how phosphorylation and the N-terminal kMT
binding domain of the Ndc80 complex depends
on intrakinetochore stretch for bi-oriented cen-
tromeres in late prometaphase and metaphase
control cells (top) and in late prometaphase for
CENP-C depleted, CENP-T depleted, and CENP-
C/-H depleted human cells (bottom). From the
periphery of the centromeric chromatin, the depth
of CENP-A is greatest, with the DNA binding do-
mains of CENP-C being slightly deeper than those
of CENP-T and CENP-N. CENP-T/-W/-S/-X
complex, CENP-C, and CENP-H/I complex all
contribute to limiting the separation between the
mean positions of CENP-A and the inner end of the
Ndc80 complex to about 40 nm for bi-oriented
centromeres in control cells. This separation
contributes to kMT assembly regulated by Aurora
B. The depletion of CENP-T or CENP-C induced
hyper-intrakinetochore stretch and a reduction of
phosphorylation of Hec1 by Aurora B.
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CCAN Protein Architecture in Human Kinetochoresenhanced binding affinity for kMTs at low phosphorylation
helps explain how less than 30% of the normal level of
Ndc80 complexes at kinetochores in CENP-T- and CENP-H/
CENP-C-depleted cells are able to bind stably to their kMTs
(Figures S6C and S6D) and produce nearly normal interkineto-
chore centromere stretch of bi-oriented chromosomes (Fig-
ure 3A). In contrast, we found that the major reduction in the
level of Aurora B phosphorylation for the N terminus of
Ndc80/Hec1 between late prometaphase and metaphase is
not accounted for by the 10 nm increase that occurs in intraki-
netochore stretch. Instead, most of this reduction in phosphor-
ylation is likely produced by cell cycle regulation of Aurora B
kinase and PP1 and PP2A phosphatase activities at kineto-
chores that makes kMTs twice as stable at kinetochores of
bi-oriented chromosomes in metaphase in comparison to728 Developmental Cell 30, 717–730, September 29, 2014 ª2014 Elsevier Inc.prometaphase (Campbell and Desai,
2013; DeLuca et al., 2011; Foley et al.,
2011; Kabeche and Compton, 2013).
EXPERIMENTAL PROCEDURES
Cell Culture and Transfections
HeLa cells were cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with
10% fetal bovine serum (Sigma), 100 U/ml peni-
cillin, and 100 mg/ml streptomycin at 37C in a
humidified atmosphere with 5% CO2. For trans-
fection conditions of RNAi and plasmids, see the
Supplemental Experimental Procedures.
Immunofluorescence
Cells were fixed by 3% paraformaldehyde (PFA) at
37C. Fixed samples were permeabilized by 0.5%
NP40 (Roche) or 0.5% Triton (SIGMA) in PHEM
buffer (120 mM Pipes, 50 mM HEPES, 20 mM
EGTA, 4 mM magnesium acetate [pH 7.0]) at
37C, rinsed in 0.05% Triton/PHEM, and incu-
bated in 0.5% BSA (SIGMA) with boiled goatserum or boiled donkey serum for 30 min at room temperature. Then samples
were incubated for 1 hr at 37Cwith primary antibodies. Primary antibodies are
described detail in the Supplemental Experimental Procedures. Samples were
stained using DAPI (0.1 ug/ml) after incubation with secondary antibodies.
Secondary antibodies were conjugated Alexa488, Rhodamine Red-X, or Cy5
(Jackson ImmunoResearch Labs). Samples weremounted using Prolong Anti-
fade (Molecular Probes) or homemade mounting media (20 mM Tris pH 8.0,
0.5% N-propyl gallate, 90% glycerol) after postfixation was performed with
3% PFA. If we mounted using Prolong Antifade, we observed samples with
light microscopy after increasing appropriate refraction index. For staining of
phospho-Ndc80/Hec1, we added phosphatase inhibitors (PhosSTOP (Roche)
and Calyculin A (Cell Signaling)) to the 3% PFA fixation buffer and permeabli-
zation buffers.
Imaging
Imaging was performed as described by Varma et al., 2013. For details, see the
Supplemental Experimental Procedures.
Developmental Cell
CCAN Protein Architecture in Human KinetochoresFluorescence Intensity Measurements
Measurements of kinetochore integrated fluorescence intensity minus back-
ground were performed as described by Lawrimore et al. (2011). For details,
see the Supplemental Experimental Procedures.
Delta Analysis
For each kinetochore, 3D centroid positions were first measured for each fluo-
rescent color with a 3D Gaussian fitting function (Wan et al., 2009). For each
sister kinetochore pair, the centroids of one color were projected to the axis
defined by the centroids of the other color, and the average separation of
the projection distance between the signals of different colors for that pair
(Delta) was then calculated to correct for chromatic aberration (Wan et al.,
2009). Mean Delta measurements were corrected for tilt of the face of the
kinetochore relative to the axis between sister kinetochores as described by
Wan et al., 2009. In addition to antibodies selective for a specific protein
domain, like the Ndc80/Hec1 (9G3) antibody that binds near the MT binding
domain of the Ndc80 complex, we also expressed CCAN proteins in HeLa cells
with GFP fused to either the N or C terminus, and measured the separation be-
tween antibodies to GFP and 9G3 or endogenous CENP-A. For mean position
measurement of the N terminus or C terminus of CENP-T and the N terminus or
C terminus of CENP-C, we established stable cell lines that expressed GFP-
fused, RNAi-resistance, CENP-T, or CENP-C and measured mean position
in RNAi-treated cells that substantially depleted endogenous CENP-T or
CENP-C. In this study, we measured several protein positions previously
determined by Wan et al., 2009, and found nearly identical values.
Statistical Analysis
All data are expressed asmeans ± SD. Statistical significance was determined
using Student’s t test for comparison between two independent groups. For
significance, p < 0.05 was considered statistically significant and 0.5 < p <
0.1 was considered marginally statistically significant.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.devcel.2014.08.003.
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